We report on the design and initial experimental results of a multiview, multispectral preclinical fluorescence tomography instrument, designed to improve quantitation of fluorescence molecular imaging in disease research and drug development.
Introduction
There is a need to improve in vivo quantitation of fluorescent molecular imaging agents in small animals in order to speed disease research and drug development. CCD-based transmittance and planar reflectance fluorescence imaging approaches have enabled production of high-resolution surface images of fluorescence emissions from a mouse. However, these single-view geometries produce fluorescence intensities that depend not only upon the signal of interest, but also on the amount of background autofluorescence, the depth of the signal of interest, and surrounding tissue optical properties. Approaches to overcome these limitations include time and frequency domain imaging [1] , multiview illumination and collection, patterned illumination using point [2] or extended [3] sources, and multispectral excitation and emission spectroscopy [4] . We have built a fluorescence tomography instrument that improves quantitation by combining the multiview, patterned illumination and multispectral methods. We demonstrate the capabilities of this instrument using a tissue phantom with an embedded fluorescence source.
Materials and Methods

Instrument design
Excitation light is generated by a projector (Sharp XR-10XR-10S) containing a digital micro-mirror device, passed through an excitation filter (Semrock, Rochester NY and Chroma Technology Corp., Rockingham VT) contained in a computer-controlled filter wheel, and imaged onto the sample stage. The sample, which sits on a glass stage, can be illuminated from the top, bottom, left and right sides by orienting a 45-degree steerable mirror under computer control. Various illumination patterns can be projected onto the selected side of the sample by sending appropriate bitmap images to the projector from the control computer. The fluorescence emission light is imaged from the four sides simultaneously onto an arrangement of small mirrors. These mirrors are geometrically arranged to increase the number of useable pixels on the CCD camera by 290% compared to a straight image of the sides. The intermediate image is passed through an emission filter (Omega Optical, Brattleboro VT) on another controlled wheel, and imaged onto a 4 megapixel cooled CCD camera (Photometrics CoolSNAP K4, Tuscon AZ).
Experiment
A cubic phantom (30x30x30 mm 3 ), composed of 1% Intralipid, 2% agar, 20 µM bovine hemoglobin (H2625, Sigma-Aldrich Inc., St. Louis, MO), 1% sodium azide (VW3465-2, VWR, West Chester, Pennsylvania), and tribuffered saline [5, 6] , was prepared with one 15 mm long capillary tube (1 mm inner diameter) embedded inside it. The capillary tube was filled with 6 µM DiD (D307, Invitrogen Corporation) solution, in order to provide the fluorescent target for reconstruction. The tube was located 10 mm from and parallel to the left and bottom surfaces, and shifted by 5 mm from midway between the front and back surfaces. In the phantom material, the intralipid scattering mimics tissue scattering, hemoglobin functions as a photon absorber whose properties contribute maximally to the wavelength dependence of tissue optical properties, and sodium azide is added for phantom preservation and hemoglobin deoxygenation. This provides the phantom not only with overall scattering and absorption properties that are similar to tissue, but also with a spectral response that mimics tissue.
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We performed automated data collection using custom control and acquisition software with a graphical user interface. A total of 10 excitation/emission filter pairs were used in the dataset: 595/650, 595/670, 595/690, 595/710, 615/670, 615/690, 615/710, 635/690, 635/710 and 655/710. For each filter pair, a total of 17 illumination patterns were used on each of the 4 cube sides illuminated. Sixteen of the patterns consisted of a single small 6.5 x 6.5 mm square of illumination light whose center position was stepped across the cube face, and the 17th pattern was full face illumination. The entire dataset therefore consisted of 10 x 17 x 4 = 680 fluorescence images, although only a small subset of these images were required to reconstruct the position of the phantom presented here. Using 4x4 pixel binning, the camera exposure times were 5 and 1 s for the small and large square patterns, respectively.
Data Processing
Raw images were corrected for camera bias and exposure time. Each detector node in the model described below was assigned an intensity value by averaging together nearby camera pixel intensities. The appropriate pixels were found using a one-time geometric calibration that maps pixels to sample position, and using the cube vertex locations from a white-light image. Similarly, raw illumination patterns were corrected for projector power variations with excitation wavelength and non-uniform illumination field using pre-determined calibrations.
Forward Modeling
In soft tissue, photon propagation for the near-infrared region can be modeled reasonably accurately using the diffusion equation with appropriate boundary conditions [7] . If we assume prior knowledge of the object geometry and absorption and scattering coefficients, a set of coupled diffusion equations can be solved to predict the surface fluorescence pattern for any fluorescence source inside the volume. A finite-element based approach was used to solve these equations and generate an excitation forward model, which maps illumination patterns on the surface into excitation intensities in the volume, and an emission forward model, which maps fluorescent sources in the volume into the surface fluorescence patterns. A system matrix, which maps the unknown fluorescent source distribution into the surface fluorescence measurements with specific illumination patterns, was constructed by diagonally scaling the emission forward matrix by the excitation intensities at each internal point [8] . It is straightforward to construct a system matrix for multiple illumination patterns and wavelengths by concatenation.
For the cubic phantom, a tessellated cube with 93,868 tessellation nodes was used for finite element models. A forward model was constructed with 3,752 surface detector nodes and 15,625 source locations inside the volume. The fluorescent source distribution was reconstructed over a uniform grid with 1.2 mm spacing.
Reconstruction
To solve the inverse problem, we used a regularized least squares method where a cost function consists of a datafitting term and a Tikhonov regularization term [9] . The gradient projection algorithm was used to minimize the cost function with a non-negativity constraint [9] . The diagonal elements of the Hessian matrix of the cost function were used as preconditioners, which substantially accelerate the convergence speed [9] . Figure 1 displays a white light image of the four-view imaging arrangement, and an image of fluorescence emerging from the phantom's four sides. Based upon raw pixel intensities and the read noise floor of the camera, we estimated that the median binned pixel signal to noise ratio was 3.2 (2.3-5.0 inter quartile range). We also measured the spatial resolution to be 0.47 mm per pixel at the sample, limited by pixel binning rather than collection optics, and less than the finite-element model node spacing of 1.2 mm. During data processing, an average of 8 binned pixel intensities was used to form a single node intensity. Figure 2 shows reconstruction results using the forward model and inversion algorithm described above, using a single excitation/emission pair of 635/710 nm respectively, and all 68 illumination patterns. The reconstruction results are displayed as both planar slices through the long axis of the fluorescent tube and a 3D isosurface.
Results
Discussion
Using the isosurface, the reconstructed fluorescent source was 17 mm long, 11 mm from the closest cube faces, and had a 4 mm diameter. The signal (99 th percentile) to background (50 th percentile) ratio in the reconstructed volume was 82. This novel tomographic instrument and algorithm set provides therefore provides excellent volumetric localization, resolution and contrast in tissue-like phantoms. We plan to add multispectral reconstruction capability, improve acquisition and reconstruction speed, design the instrument for commercialization and validate performance in mice in the coming year.
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